Introduction

.
It has been known for some time that lanthanum hexaboride (LaB 6 ) is a good material for use as an electron emitter. It has unusual physical properties such as a high melting point, chemical inertness, low work function, high brightness of emission current and resists erosion under ion bombardment. For this reason, LaB 6 cathodes are now widely used in many branches of modern technology such as electron microscopes, mass spectroscopy, demountable vacuum gauges and thermionic converters.
In 1951, Lafferty investigated the emission properties of a LaB 6 cathode. 1 It was suggested that the high thermionic emission properties of LaB 6 are the result of the diffusion of lathanum atoms through the boron matrix to the surface, where an active layer of lanthanum is constantly maintained.
In·most applications, LaB 6 is operated as an indirectly heated cathode, ei ther in the form of a small crystal structure or in some geometric form ~ith a heater behind it. However, there is one disadvantage of the LaB 6 cathode, namely the boron attacks most base materials to which the LaB 6 is attached and forms interstitial boron alloys with the base.
When this occurs, the boron framework around the alkaline-earth metal collapses and permits the boron to evaporate. With rhenium as the base metal, this effect is least pronounced. Borides do not react with graphite, and graphite or carburized tantalum has also been used as a base material.
In this paper, a new and simple design is reported in which the LaB 6 is operated as a directly heated "filament" cathode through which an electric current is passed. It is shown that these LaB 6 filaments perform satisfactorily in different types of ion sources where tungsten filaments
are normally employed. To further increase filament lifetime, it is easy to properly shape the LaB 6 filament so that uniform electron emission can be obtained from the entire filament surface.
I. Some characteristics of LaB 6 when operated as cathodes
The properties of LaB 6 have been investigated by many authors. 1 -3 When heated to a temperature of 1400 C or higher, LaB 6 is a copious emitter of electrons. Normally the emitted electron current density J e is limited by space charge. But for high extraction electric fields, a saturation current density J max is reached, which is given approximately by the Richardson-Dushman equation,
where T is the cathode temperature in degrees kelvin, e~ is the work function in electron-volts, k is the Boltzmann constant and A is Richardson's constant. For typical operating temperature of 1900 K, a LaB 6 cathode with A = 30 A/cm 2 deg 2 and e~ = 2.67 eV, the emission current density is 9 A/cm 2 • Similarly a typical tungsten cathode, with A = 70 A/cm 2 deg 2 , e6 = 4.55 eV operates at T = 2700 K, will provide an emi ssi on current densi ty of 1. 6 A/cm 2 . Thus the LaB 6 cathode appears to offer a brightness significantly larger than tungsten cathodes.
(1) LaB 6 is a very hard material and is best cut with a diamond saw. We first tested a very thin strip of LaB 6 (0.4 mm thick, 5 mm wide and 55 mm long) by supporting the two ends with graphite chucks as illustrated in Figure 1 . This cathode filament emitted 20 A of electron current when 60 A of dc heater current was passed through it. However, this thin strap -3 - cracked as soon as the heater current was turned off. The LaB 6 material has a high coefficient of thermal expansion and the filament chucks do not provide enough tolerance when the contraction occurs. To overcome this problem, rectangular and circular shaped LaB 6 hairpin filaments were fabricated ( Figure 2 ). In these hairpin configurations, the filament can expand and contract freely in a manner similar to regular tungsten hairpin filaments.
When LaB 6 filaments are operated as cathodes in a gas discharge, it is important to know the relationships of the heater current, filament temperature, emission current, and lifetime. The filament heater current characteristics were measured for both the rectangular and circular hairpin geometries by using an optical pyrometer. The cross-sectional area is about 1.6 mm x 3 mm for both filaments. The measured filament temperature is' plotted in Figure 3 comparison, the emission current densities for tantalum and tungsten are also presented in the same diagram. It can be seen that the normal operating temperature for the LaB 6 cathode is much lower than those of tantalum and tungsten. At a given filament temperature, the emission density for LaB 6 is two orders of magnitude higher than that of tantalum and tungsten.
Since the normal operating temperature for a LaB 6 filament is low, one would expect that the evaporation rate for the LaB 6 material is also small. From the published data,4 the evaporation rates (gm/cm 2 /sec) for LaB 6 , tantalum and tungsten are shown in Figure 5 as a function of the emission current density. For the same emission density, the evaporation rate of tantalum and tungsten are both two orders of magnitude higher than that of LaB 6 • Accordingly, the lifetime of a LaB 6 filament (which depends largely on the evaporation rate) should be much longer than that of the tungsten or tantalum filament. In fact, lifetime test have shown that a In order to test multiple filament operation, eight circular shaped LaB 6 hairpin filaments were installed in the Berkeley 10 x 10 cm 2 multicusp (bucket) source as illustrated in Figure 7 . The filaments were mounted in the molybdenum chuck slots with a rhenium foil interface between the LaB 6 and the molybdenum. Each of these circular hairpin filaments required -130 A of heating current in order to obtain 55 A of emission per filament when operating in an emission limited basis in a hydrogen plasma.
According to the data shown in Figures 3 and 4 , 130 A will not produce a temperature high enough for 50 A of emission. The fact that 50 A of emission was attained from each filament suggests that additional heating power comes from ion bombardment heating as was indicated in the single filament experiment in Sec. II(a).
-7 -
The source operation of the above conditions was similar to arc discharges using O.lS-cm diam tungsten filaments. A discharge voltage of 100 V and current of 430 A produced an extractable ion current density of 220 mA/cm 2 during 7 seconds of discharge time. The oscilloscope trace in figure 8 shows that the ion current density is constant in time. The preheat filament current is reduced at the moment when the arc discharge is turned on so as to compensate for the additional current heating due to the arc discharge current which passes through the filament .
•
In this measurement, the pulse length was limited to 10 seconds or less due to inadequate cool i ng of the source chamber. However, the set of LaB 6
filaments can be operated with longer pulses or even cw if the discharge chamber is properly designed for high power loading and the vacuum system is adequately pumped. When the discharge test was over, the filaments were found to be in-tact. For a short distance of about 0.5 cm from the chuck, the filament showed a brownish color compared to the normal violet LaB 6
color. Otherwise the filaments appeared to be free of contamination.
(c) LaB 6 filament in a Penning type source
In 1963, Ehlers et al. developed a direct extraction negative ion source which is still widely used in cyclotrons. 7 This source is operated as a hot cathode Penning-type gas discharge. The filament cathode is a 3.8 mm thick tantalum plate and is heated with a direct current of 380 A to the required temperature. In normal source operation, the filament is biased at -300 V with respect to the anode. Thus the part of the filament exposed to the plasma is always severely sputtered by the positive ion bombardment.
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Eventually, the source ceases to function when a hole is developed in the tantalum filament in line with the arc column.
We have tested a LaB 6 filament in this type of Penning source operated with a hydrogen plasma. The filament was mounted on the copper holders with a piece of rhenium foil sandwiched in between as shown in Figure 9 . It was operated continuously for three hours with an arc voltage of 250 V and an arc current of 2 A. The heater current required was about 120 A. The plasma was very stable and no adjustments had to be made to the arc or heater power supply during the discharge process. When the filament was examined after the test, no significant erosion marking due to sputtering could be observed on the surface. ~e are planning to conduct more filament lifetime tests in this type of ion source in the near future.
III. Shaped LaB 6 filament
In a high density discharge plasma where the filaments emit a significant electron current density, the temperature distribution along the filament is non-uniform. The result is that only a small part of the filament provides the bulk of the emission current and hence the lifetime of the filament is reduced. One method of solving this localized emission problem is the use of a filament with a variable cross-sectional area. For this application, the LaB 6 can be cut in different geometrical shapes much easier than regular tungsten material.
Consider a rectangular LaB 6 filament with uniform thickness t but with a variable width w. When this filament is operated as a cathode in a -9 -discharge, it will be heated by ohmic dissipation and by plasma ion bombardment of the surface and cooled by electron emission and by radiation. If heat conduction to the filament chucks is neglected (this assumption is valid for areas a few filament widths away from the chucks), then the power balance·equation can be written as
where Vw is the work function, ji is the local plasma ion density, Id is the discharge plus heater current, Va is the cathode voltage, p is the electrical resistivity, £ is the emissivity, T is the temperature and je is the emi tte.d el ectron current densi ty. The wi dth vari ati on of the fi 1 ament (proceeding from the negative leg where the width is the largest) can be approximated by a thi rd order polynomi al 2 3 w(x) = w + ax + bx + cx o
and the coefficients w o ' a, band c can be evaluated in tenns of the above defined parameters by using Equation (3) . Then, the proper shape of the tapered filament can be detennined. The only problem associated with the tapered filament is that it will have longer thennal equilibration time than a regular LaB 6 hairpin filament.
We have fabricated a tapered LaB 6 filament and we anticipate that its lifetime will be about three times longer than one with uniform width. The test of this new filament is in progress and the results will be reported in the near future.
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